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Although inorganic nanosheets prepared by exfoliation (delamination) of layered crystals have 
attracted great attention as 2D nanoparticles, in situ real space observations of exfoliated 
nanosheets in colloidally dispersed state have not been conducted.  In the present study, 
colloidally dispersed inorganic nanosheets prepared by exfoliation of layered niobate are directly 
observed with bright-field optical microscopy, which detects large nanosheets with lateral length 
larger than several micrometers.  The observed nanosheets are not strictly flat but rounded, 
undulated, or folded in many cases.  Optical trapping of nanosheets by a laser radiation pressure 
clarified their uneven cross-sectional shapes.  Their morphology is retained under the relation 
between Brownian motion and optical trapping   
 
INTRODUCTION 
Inorganic nanosheets prepared by exfoliation (delamination)1 of layered crystals such as 
various ion-exchangeable oxides, graphite, metal chalcogenides, and transition metal 
carbides/nitrides (MXenes) have attracted great attention due to their potential broad applications 
based on their extreme thinness and high 2D shape anisotropy.2-5  They are obtained as 
colloidally dispersed particles through exfoliation in solvents in many cases.  Whereas their 
transfer to a flat substrate results in deposition of flat particles reflecting the 2D shape,6, 7 
wrinkled, scrolled and irregularly shaped particles are obtained under other conditions of solvent 
removal.8-15  Understanding of accurate nanosheet shape in colloidal state with direct observation 
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is indispensable in order to further develop and more precisely control the structures of 
nanosheet assemblies.   
However, the real shape of “as exfoliated” nanosheets before the solvent removal has scarcely 
been observed directly yet.  Two-dimensional morphology of exfoliated nanosheets in colloidally 
dispersed states has been supported by several methods.  Phase transition of nanosheet colloids 
to lyotropic liquid crystals nanosheets15-24 evidences 2D morphology of exfoliated nanosheets 
because the phase behavior of nanosheet colloids agrees with the phase transition theory that 
assumes a disk-like particle shape.25, 26  Small-angle scattering studies demonstrate disk-like 
morphology of various nanosheets in colloidal states based on a power-law relationship between 
scattering vector and intensity.18, 27-29  On the other hand, combined neutron and X-ray scattering 
at an ultra-small-angle region for colloidal niobate nanosheets prepared from single-crystalline 
hexaniobate K4Nb6O17 indicates formation of a fractal structure in colloids.29  The fractal 
structure strongly suggests the presence of undulated nanosheets when their lateral size is larger 
than the persistence length of the structure.  Undulation and bending of nanosheets in their 
colloidally dispersed state is possible because of their thinness (~ 1 nm) even though they retain 
two-dimensionality in the colloid.   
In the present study, we have succeeded in observing large single nanosheets of exfoliated 
hexaniobate dispersed in an aqueous colloid by an optical microscope.  Our recent report 
indicated optical microscope observations of exfoliated niobate nanosheets30 in a colloidal liquid 
crystalline state.19  In that study, an optical microscope with the spatial resolution of ~ 1 µm was 
employed for optical manipulation31 of nanosheets by a tightly focused laser beam.  Optical 
manipulation has been used for trapping various colloidal particles.32-38  The optical microscope 
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system used for the laser trapping possesses almost the same spatial resolution as the diffraction 
limit.  It will therefore be employable to observe individual colloidal nanosheets.  We have 
attempted to observe single nanosheets with their lateral sizes of several micrometers in a dilute 
isotropic colloid.  In addition, optical trapping of nanosheets has been carried out to observe their 
cross-sectional morphologies through pinning and aligning each nanosheet in the colloid.  
Various irregularly shaped, such as undulated, bent, and rounded, nanosheets are frequently 
observed as well as rigidly flat platy particles.  All the particles are completely exfoliated and 
thus not multi-layered.  An important finding is the stability of distorted particle morphology as 
evidenced by the retention of the particle shape under the relation between the Brownian motion 
and trapping by the focused laser beam.   
 
EXPERIMENTAL SECTION 
Sample preparation.  A colloidal sample of niobate nanosheets was prepared by the method 
reported previously.  Single crystalline particles of tetrapotassium hexaniobate K4Nb6O17 
prepared by a flux method.  The size of each single crystalline particles was about 1 mm 
thickness and several mm width.  The single crystalline particles were collected, and treated with 
a 0.2 mol L–1 aqueous propylammonium chloride (C3H7NH3Cl) solution at 120 °C for a week in a 
Teflon-lined stainless steel autoclave.  Then, solid product was centrifuged, washed and dialyzed 
with water to yield the initial stock colloid sample.  With these treatments, the layered niobate 
crystals were exfoliated to form of colloidal niobate nanosheets.  The average lateral length of 
the nanosheets estimated by TEM images was 5.5 µm with a log-normal size distribution (Figure 
S1, Supporting Information).  The purified nanosheets were finally dispersed in water to yield 
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the stock colloidal sample of niobate nanosheets.  The nanosheet concentration of the stock 
sample was 0.01 g L–1 (based on the mass of K4Nb6O17).   
Microscope observation.  A small portion of sample was injected into a 100-μm thick thin-
layer glass cell.  The cell was set on the stage of an inverted microscope (IX70, Olympus) 
equipped with a water-immersion objective lens (UPlanSApo, Olympus, 60×, N.A. = 1.20).  The 
band-limited light is selected by a band-pass filter (410 ± 80 nm) from the white light emitted 
from the halogen lamp attached to the microscope.  The microscopic bright-field movies were 
recorded as 12-bit grayscale images with a digital CMOS camera (ORCA-Flash 4.0 V3, 
Hamamatsu Photonics).  Spatial resolutions in this setup was experimentally determined to be 
around 1 µm.   
Optical trapping.  The experimental setup is shown in Figure 1.  A linearly polarized CW 
Gaussian laser beam that emitted at 532 nm (Millennia Pro, Spectra Physics) was guided to the 
optical microscope, and focused at the center of the cell (50 μm from the cell surface) by the 
objective lens of microscope.  The laser power was set to 20 mW at the exit pupil of the 
objective lens.  We confirmed that the laser beam was blocked completely by a dichroic mirror 
and the band pass filter that was inserted before the camera.   
 
RESULTS AND DISCUSSION 
Our optical setup (Figure 1) successfully detects single niobate nanosheets with their lateral 
size larger than around 3 µm in a colloidally dispersed state.  Figure 2 shows microscope 
snapshot images extracted from movies of various colloidal nanosheets moving in the colloid 
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with schematic drawings of their morphology.  Although all of the particles are essentially 
recognized as 2D sheets, many nanosheets suffer from distortion to some extent.  Typical 
examples of flat and deformed nanosheets are indicated in Figure 2; we classified the deformed 
nanosheets into rounded, undulated, and folded ones based on their edge shape as defined in 
Figure S2 (Supporting Information).  By sampling nanosheets randomly in the microscope 
images, the fractions of flat and deformed nanosheets are estimated as 40% and 60%, 
respectively, as shown in Figure 3.   
Full movies are shown in Movies 1–5 (Supporting Information).  All of the movies show 
random walk of the platy particles, which confirms the observed objects as nanosheets 
colloidally dispersed in the solvent (water).  The movies also demonstrate that the colloidal 
nanosheets retain their deformed morphology during Brownian motion.   
Individual particles detected by the optical microscope are judged as single nanosheets because 
they are very thin and homogeneous.  Folding and scrolling into multilayers are not observed.  
Also, overlapping and stepping are not found on the sheet surfaces, which denies stacking of 
more than two nanosheets.  The thickness of observed particles (~ 2 µm) apparently much larger 
than the crystallographic thickness of hexaniobate nanosheets (~ 1.6 nm)10, 39, 9, 40 is rationalized 
by blurring of the objects at the edges due to defocusing based on optical geometry (Figure S3, 
Supporting Information).  These nanosheet shapes are consistent with the result of previous 
small-angle scattering study, which reports existence of a mass-fractal structure in niobate 
nanosheet colloids on the basis of scattering power-law at a low q region.29  This structure 
assumes undulation of nanosheets when their lateral lengths are larger than the persistence length 
of the structure being several micrometers.   
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Randomly moving nanosheets are trapped and aligned by the focused laser beam in the colloid, 
which enables selective microscope observations of cross sections of nanosheets.  Our recent 
optical manipulation study of niobate nanosheets has clarified that colloidally dispersed niobate 
nanosheets are trapped at the focal point of linearly polarized laser beam and oriented with their 
in-plane direction parallel to the propagation direction of the incident laser beam, and that the 
nanosheets are also aligned with their edge (longitudinal) direction in parallel to the polarization 
direction of the incident irradiation, i.e., optical electric field of the linearly polarized incident 
laser beam.30, 41  The biaxial alignment leads to unidirectional orientation of colloidal nanosheets.    
Such trapping is also the case for colloidal niobate nanosheets examined in the present study.  
Figure 4 shows microscope snapshot images extracted from movies of single nanosheets of 
niobate with various shapes under the illumination of the linearly polarized laser beam.  Full 
movies are shown in Movies 6–10 (Supporting Information).  They demonstrate trapping of 
nanosheets by the focused laser beam.  When a single nanosheet randomly walking in the colloid 
reaches the focal point of the incident laser beam, it is trapped as evidenced by the suppression of 
particle translation.  The trapped nanosheet is rotated, and aligned parallel to the propagation 
direction of the laser beam.  With this nanosheet alignment, we unambiguously observe the 
cross-sectional morphology of each nanosheet.  This state is kept for several tens of seconds in 
our observation conditions.  Subsequently, the nanosheet is swept away along the direction of 
incident laser beam, and becomes unobservable by the optical microscope.    
As shown in Figure 2, most of nanosheets indicate cross sections deviated from straight line to 
some extent by reflecting the deformation from rigidly flat nanosheet morphology.  They are 
somewhat rounded, undulated, or, folded as mentioned above.  In most cases, the trapped 
nanosheets are aligned with their edges in parallel to the polarization direction as well as the light 
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propagation direction, as mentioned above (Figures 4a and d and Movies 6 and 9, Supporting 
Information).  Folded nanosheets are aligned with one of the folded edges in parallel to the 
polarization direction (Figure 4e and Movie 10, Supporting Information).  Rounded nanosheets 
are trapped at a point on their arced edge, but direction of the rest parts of the edge is not 
determined strictly (Figures 4b and c and Movies 7 and 8, Supporting Information).  This is 
rationalized by the beam waist size (~ 1 µm) at the focal point that is much smaller than the 
nanosheet edge length, and their round shapes that allow trapping at only a single point on the 
arced edge.   
A striking discovery is retention of various deformed morphology of niobate nanosheets under 
the irradiation of the laser beam.  The deformed nanosheets are rotated, aligned, and diffuse 
away with retaining their shapes involving curvatures and folding angles.  A rare exception is 
partly cracked nanosheets observed in a very few cases, and these nanosheets undergo folding 
along the crack under the laser beam (Figure 5 and Movie 11, Supporting Information).   
These results indicate that the deformed morphologies of niobate nanosheets are basically 
stable against radiation pressure of the focused laser beam and hydrodynamic forces applied 
during the diffusion and rotation of nanosheets.  In other words, nanosheets suffer from stresses 
stronger than these external forces in their deformation process, and the deformed morphologies 
are retained under relatively weak forces applied with both the Brownian and laser-induced 
motions.  Such strong stresses would be applied during the exfoliation of niobate crystals.  
Because the crystal structure of niobate is realized by strong electrostatic interactions between 
the anionic niobate nanosheets via interlayer cations, strong energies must be injected to cleave 
the layer stacking and exfoliate individual nanosheets.  This condition is fulfilled by the 
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intercalation of exfoliating reagent (propylammonium ions), which expands the interlayer space 
and entrains water molecules there, and the propylammonium ions stay on the exfoliated anionic 
nanosheets as counter cations.42  In such an exfoliation process of layered niobate, however, 
exfoliating reagent is not quantitatively intercalated.43  This can lead to inhomogeneous 
distribution of propylammonium ions on nanosheet surfaces, and thus inhomogeneous 
application of stresses to nanosheets to cause morphological deformations.   
Another finding of the present study is the absence of deeply crumpled or scrolled nanosheets 
even though undulated, bent, and rounded nanosheets are present.  Crumpling has been reported 
for various nanosheets, and recognized as an important morphological transformation for 
applying nanosheets to various functional materials.44  However, deeply crumpled nanosheets 
have been observed usually in solid state after the removal of solvents although stabilization of 
the crumpled state in solvents has been reported.  A recent study of crumpled graphene oxide 
nanosheets has indicated relaxation of crumpling in solvents through swelling, dissociation, and 
stretching.45  The absence of deeply crumpled niobate nanosheets in our colloidal sample clearly 
demonstrates that as exfoliated nanosheets in solvents are not crumpled without specific 
treatments.   
 
CONCLUSIONS 
In conclusion, niobate nanosheets with large lateral lengths obtained by exfoliation of 
hexaniobate layered crystals are directly observed with bright-field optical microscopy in a 
colloidally dispersed state.  Although platy morphologies of nanosheets are unambiguously 
indicated, they are not strictly flat but deformed to some extent into various shapes such as 
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undulated, bent, folded, or rounded in many cases.  The nanosheet deformation confirms the 
prediction by our small-angle scattering study on undulated morphology of niobate nanosheets 
with lateral length longer than the persistence length of the fractal structure of nanosheet colloids.  
The deformed morphology is stable against Brownian motion and optical trapping by the laser 
radiation pressure.  Although the optical microscope can detect nanosheets with the lateral sizes 
larger than several micrometers, our result is the first example of directly observing exfoliated 
nanosheets in colloidal state under Brownian motion and optical trapping.  The present results 
unravel the real shape of the colloidally dispersed nanosheets and will be used as most 
fundamental knowledge in materials chemistry of inorganic nanosheets.   
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Figure 1.  Experimental setup for the optical microscope observations and optical manipulation 
by laser irradiation.   
 
Figure 2.  Microscope images of single (a) flat, (b) and (c) rounded, (d) undulated, and (e) 
folded nanosheets of hexaniobate in the colloidally dispersed state and schematic drawings of 
their morphology. 
 
Figure 3.  Variation of the shapes of niobate nanosheets.  The nanosheet shapes were classified 
into flat, rounded, undulated, and folded (see Figure S1, Supporting Information), and the 
fraction of each shape was estimated from 200 nanosheets more than 5 µm of lateral length 
observed in the optical microscope images.   
 
Figure 4.  Microscope images (snapshots) of single (a) flat, (b) and (c) rounded, (d) undulated, 
and (e) folded nanosheets of hexaniobate with various shapes before and under the irradiation of 
linearly polarized laser beam.  The single-headed white arrows point the focusing point of the 
laser beam, and the double-headed yellow arrows indicate the polarized direction of the laser 
beam.   
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Figure 5.  Microscope images (snapshots) of a cracked nanosheet of hexaniobate before and 
after the irradiation of linearly polarized laser beam, and schematic drawings of their 
morphology.  The single-headed white arrows point the focusing point of the laser beam, and the 
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